After synthesis, hepatocytes secrete bile into a canaliculus, which is formed by two or three adjacent hepatocytes (Yamamoto et al. 1990 ) through bile acid-dependent bile flow regulators (Bile salt export pump, BSEP or ATP-binding cassette, sub-family B member 11, abcb11), and bile acid-independent bile flow regulators (Multidrug resistance-associated protein 2, MRP2 encoded by ATPbinding cassette subfamily C member 2, abcc2 gene) (Alrefai and Gill 2007, Geier et al. 2007 ). Defect of bile secretion (or secretory system) results in hepatobiliary disease, i.e. intrahepatic cholestasis (Yeh et al. 2010) , one of the relative risk for CCA (Tyson and El-Serag 2011) .
Chronic inflammation leads to fibrosis involving the hepatic parenchyma resulting in biliary tree changes, which can contribute to cirrhosis and malignancy (Tyson and El-Serag 2011, Eaton et al. 2013) . Oxidative stress in the liver and bile duct is sometimes accompanied by primary sclerosing cholangitis and cholestasis (Sekine et al. 2006) . The morphological and functional changes of bile canaliculi (BC) are well demonstrated in bile duct ligation-induced cholestasis in rats (Takakuwa et al. 2002) . Although O. viverrini infection is well known to cause inflammation-mediated oxidative/nitrative stress resulting in chronic periductal fibrosis, which is a risk factor of CCA (Pinlaor et al. 2004 , Prakobwong et al. 2009 , Sripa et al. 2012 , it is unclear whether O. viverrini infection can affect the morphology and function of BC, an origin of bile secretion.
In the present study, we investigated the morphological alteration of BC and the expression pattern of CD10, a marker molecule of BC. In addition, we determined the expression of genes encoding peptides/proteins related to bile acid uptake, bile acid biosynthesis, bile acid-dependent and independent bile flow and bile acid regulation.
MATERIALS AND MEDTHODS

Parasites
Metacercariae of Opistorchis viverrini were isolated from naturally infected cyprinid fish after digestion with 0.25% pepsin in 1.5% HCl (Wako Pure Chemical Industries, Osaka, Japan) in 0.85% NaCl solution as previously described (Prakobwong et al. 2009 ). The cysts containing actively moving larvae were used for infection to hamsters.
Experimental design
Male golden hamsters (4-6 weeks) were obtained from the Animal Unit, Faculty of Medicine, Khon Kaen University, Khon Kaen, Thailand. They were housed under a conventional condition and fed stock murine diet (CP-SWT, Thailand) and water ad libitum. The study was conducted strictly following the recommendations in the guideline for the Care and Use of Laboratory Animals of the National Research Council of Thailand. The Animal Ethics Committee of Khon Kaen University approved this study (AEKKU31/2556). Twenty-four hamsters were divided into 12 each of control and O. viverrini-infected groups. The hamsters of the latter group were infected with each 50 metacercariae of O. viverrini by gastric intubation. Six hamsters from each group were sacrificed by diethyl ether inhalation at one month and three months post-infection.
Specimen collection
Bile in the gall bladder was collected using a syringe and an auto-pipette to measure its volume after animal fasting for 48 h. Liver tissues were excised, treated with TRIzol ® reagent (Invitrogen, Carlsbad, CA, USA) for total RNA isolation and snap frozen in liquid nitrogen for western blot analysis. The residual liver tissue was fixed in 10% buffered formalin for immunohistochemical study and the other fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer for ultrastructural analysis.
Western blot
The liver tissues (100 mg) were homogenised in ice-cold extraction buffer as previously described (Prakobwong et al. 2009 ). Protein concentration was determined using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA) based on the Bradford's method. Crude liver extracts (20 µg protein) were separated on a 10% and 15% SDS-PAGE gel and transferred to a polyvinylidene difluoride membrane (Amersham Bioscience, Piscataway, NJ, USA). The membranes were incubated with rabbit polyclonal anti-CD10 or goat polyclonal anti-MRP2 antibody (each 1 : 500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), or mouse monoclonal anti-actin antibody (1 : 1 000; Abcam, Cambridge, MA, USA) for overnight at 4 °C. After washing, membranes were incubated for 1 h at 4 °C with secondary antibody. Immunoreactivity was visualised using enhanced chemiluminescence (Amersham™ ECL™ Prime Western blotting detection reagent, GE Healthcare Biosciences Corp., Piscataway, NJ, USA). Relative band intensity was analysed using ImageQuant TL 7.0 software (non-linear Dynamics, Durham, NC, USA).
Immunohistochemistry
Tissue sections were deparaffinised and autoclaved for antigen retrieval. The sections were incubated with rabbit anti-CD10 (1 : 50, Santa Cruz Biotechnology) at room temperature for overnight and incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (Amersham Bioscience) at room temperature for 1 h. The 3, 3'-diaminobenzidine solution was used as a chromogenic substrate. The CD10 staining patterns of bile canaliculi were graded based on the percent of positive/negative of ten areas examined from one sample (n = 6 liver samples) under high power field as following: negative, no CD10 positive staining; 1+, <10% of CD10 positive areas; 2+, 10-50% of CD10 positive areas; 3+, >50% of CD10 positive areas (Lin et al. 2004) . Non-parametric Mann-Whitney U test was used to determine the graded score of CD10 expression levels between normal and infected groups. P values lower than 0.05 were considered statistically significant.
Electron microscopy
Three pieces of liver tissues were collected from proximal, middle and peripheral areas of the median lobe per animal. Liver tissues were cut (1 mm 3 ), fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer and post-fixed in 1% osmium tetroxide (OsO 4 ). Liver samples were performed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) as previously described (Jattujan et al. 2013) . For SEM, the width of the bile canaliculi was taken from five randomly se-lected regions in each part of the liver sample, and the data were analysed using SMile View version 2.03. For TEM, the density of microvilli in the BC was evaluated by Digital Micrograph software (Gatan, Inc., Pleasanton, CA, USA) and graded based on five TEM electron micrographs in areas examined for each sample as following: grade 0, densely packed microvilli; grade 1+, 25% loss of microvilli density; grade 2+, 50% loss of microvilli density; grade 3+, 75% or higher loss of microvilli density. Statistical significance of the width of bile canalicular lumen between normal and infected groups were determined using an independent t-test. Non-parametric Mann-Whitney U test was used to determine the density of microvilli. P values lower than 0.05 were considered statistically significant.
RNA isolation and quantification by real-time polymerase chain reaction
Total RNA was extracted from liver tissues using TRIzol ® reagent (Invitrogen Corporation) and transcribed to cDNA with RevertAid H Minus M-MuLV Reverse Transcriptase (Fermentas, St. Leon-Rot, Germany). The primers used in this study were designed by Primer 3 software: abcc2 (5'-CCCT-CACAAACTGCCTCTTC-3' and 5'-GGGTCGAGAT-TCATCCTCAG-3'); abcb11 (5'-CTAGGCTTGCTACAGAT-GCT-3' and 5'-CTGTACAGCTCCCGATAAAG-3'); slc10a1 (5'-GGTGCCCTACAAAGGCATTA-3' and 5'-GTTGCCCA-CATTGATGACAG-3'); slco1a1 (5'-TGGACTTTTGTT-GGGATCTT-3' and 5'-AAAAAGAAAAAGGGGATGCT-3'); cyp7a1 (5'-CACAAACTCCCTGTCATACC-3' and 5'-AGT-GAACACAGAGCATCTCC-3'); cyp27a1 (5'-GTATCT-GGCTACCTGCACTT-3' and 5'-CACACCAGTCACTTC-CTTGT-3'); fxr (5'-ATCCTCTCTCCAGACAGACA-3' and 5'-CTCCAAGACATCAGCATCTC-3'); shp-1 (5'-CTCTCT-TCCTGCTTGGGTTG-3' and 5'-GCTCAAGGCTCCAGAAA-GAC-3') and gapdh (5'-AGAAGACTGTGGATGGCCCC-3' and 5'-TGACCTTGCCCACACCCTT-3').
Relative mRNA expression of the each sample was determined in duplicate by ABI7500 thermal cycler (Applied Biosystems, Foster City, CA, USA) using a FastStart Universal SYBR Green Master (ROX, Roche Applied Science, Mannheim, Germany). Samples were analysed in duplicates. Relative quantification of mRNA expression was determined using gapdh as an internal control, the data processed using the 2 ‾ΔΔCt method (Prakobwong et al. 2009 ). The PCR amplicons were purified and sequenced by the First BASE Laboratories Sdn. Bhd. (ShahAlam, Selangor, Malaysia). Sequences of amplified fragment identities to hamster (100% for nucleotides and amino acids), or to rat, mouse and man over 90% for nucleotides and over 86% for amino acids are acceptable (Table S1 ).
RESULTS
Ultrastructural changes of bile canaliculi (BC) Scanning electron micrograph of hamster liver
The ultrastructure of BC from the proximal, middle and peripheral areas of the median liver lobe showed similar results. Representative SEM images of proximal part of liver are shown in Fig. 1 . The ultrastructure of BC in the control group is characterised by uniform and narrow lumen with numerous microvilli on the luminal surface. These findings were the same in the normal liver at one (Fig. 1A,B ) and three months after experimental infection (Fig. 1E,F) . In contrast, BC lumen was dilated in the infected groups at one month (Fig. 1C,D) and those changes persisted at three months (Fig. 1G,H) . The average comparison of BC lumen width from the proximal, middle and peripheral parts of the liver between control and infected group is shown in Table 1 .
Transmission electron micrograph of hamster liver
Representative TEM images of the proximal part of the liver are shown in Fig. 2 . The TEM photographs of the normal liver showed abundant microvilli on the sinusoidal surface ( Fig. 2A,C) . As was expected from SEM observation, the density of microvilli in the canalicular lumen was significantly decreased at one month and the decrease persisted up to three months post-infection (Fig. 2B,D , Table 1 ).
Changes of CD10 expression in the hamster liver
To confirm ultrastructural changes triggered by O. viverrini infection, immunohistochemical staining pattern of CD10, a marker of BC, was examined ( Fig. 3A-D) . In the control group, CD10-immunoreactivity was seen as a 'chicken-wire'-like appearance, which is a typical normal staining pattern of the BC network (Watanabe et al. 1991) . This staining pattern was maintained well in normal liver at three months. In the O. viverrini-infected group, CD10 expression was significantly reduced and a polygonal meshwork pattern disappeared at one and three months post-infection. The disappearance (or reduc- tion) of CD10 was confirmed by semiquantitative measurement using western blot analysis (Fig. 3E,F) .
Decrease of bile volume and down-regulated expression of bile acid-dependent and independent bile flow related genes
Bile volume in the gall bladder and the expression of the genes encoding protein involved in bile flow including bile acid-dependent bile flow (abcb11) and bile acidindependent bile flow (abcc2) are shown in Fig. 4 . In the O. viverrini-infected group, bile volume significantly decreased at one and three months post-infection compared to that of the control (Fig. 4A) . mRNA expression of abcb11 was significantly decreased at one month and still remained low level at three months post-infection (Fig. 4B) , while abcc2 gene was significantly decreased at one and three months post-infection (Fig. 4C) .
In relation to the BC function, we also evaluated the expression of abcc2 gene product (MRP2 protein), which is known as a bile acid-independent bile flow regulator, using western blot analysis. The results showed that the MRP2 protein level of O. viverrini-infected group was significantly lower than that of the control group at one and three months post-infection ( Fig. 4D, 5 ; P < 0.05).
Altered expressions of the genes involved in bile acid uptake transporters, bile acid biosynthesis and bile acid regulatory genes
We then investigated whether O. viverrini infection alters the mRNA expression of the genes encoding protein molecules involved in bile acid uptake transporters, bile acid biosynthesis and bile acid regulatory genes using real-time RT-PCR (Fig. 6) . For this purpose, we selected slc10a1 (solute carrier family 10 member 1) and slco1a1 (solute carrier organic anion transporter family, member 1 α 1) as bile acid uptake transporter genes, cyp7a1 and cyp27a1 as bile acid biosynthesis genes, and fxr and shp-1 genes as bile acid regulatory genes. In the O. viverriniinfected group at one and three months post-infection, the mRNA expression of slc10a1 and slco1a1 (Fig. 6A,B ) and cyp7a1 and cyp27a1 (Fig. 6C,D ; P < 0.05) genes were significantly decreased compared to those of the control group. In contrast, the expression of fxr and shp-1 genes was significantly increased by O. viverrini infection (Fig. 6E,F) . Table 2 shows the summary of the alterations of BC features, bile volume and bile secretion-related genes caused by O. viverrini infection. At one month post-infection, dilatation of canalicular lumen, decrease of microvilli density and the decrease of CD10 expressions by immunohistochemical staining and western blotting were assessed in 10 randomly selected fields (× 400) from six animals per group; magnified view is shown in inset images; E -protein expression levels of CD10 measured by western blot; F-showed relative intensity of band protein for CD10; data are mean ± S.D. Statistical significance of intensity of bands protein was determined using an independent t-test. *P < 0.05, compared to normal groups. Abbreviation: OV -Opisthorchis viverrini. were seen in parallel to the decrease of bile volume. Expression of slc10a1, sclo1a1, abcb11, abcc2, cyp7a1 and cyp27a1 were down-regulated, while fxr and shp-1 genes was over-expressed. The expression level of MRP2 protein, a abcc2 gene product, was also down-regulated. At three months post-infection, those morphological and molecular changes of BC and bile-secretion associated genes or their products essentially persisted, except that abcb11 and cyp7a1 expression levels tended to return to normal level.
DISCUSSION
The present results clearly showed that infection with the liver fluke Opistorchis viverrini induced alteration of bile canaliculi (BC) and the reduction of bile production/ secretion at one and three months post-infection. Dilatation of BC lumen, reduction of microvilli density and the decrease of bile volume were seen as early as at one month and persisted up to three months post-infection.
After O. viverrini infection, parasite antigen was found in the variety of cells such as hepatocytes, bile duct epithelial cells, Kupffer cells and inflammatory cells, etc., (Sripa et al. 2012) , which results in inflammation-mediated oxidative/nitrative stress and liver injury in hamster via free radical production (Pinlaor et al. 2004) . Increase oxidative/nitrative stress is known to cause not only the hepatocyte injury (Liu et al. 2001 ) and BC changes (Tsai et al. 1998 ), but also suppress bile production (Roma and Sanchez Pozzi 2008) . Alternatively, defects in canalicular dilation and loss of canalicular network may induce canalicular contractions and contribute to decrease of bile flow (Watanabe et al. 1991) during O. viverrini infection. Due to relatively large body size, adult worms in the bile duct lumen obstruct bile flow resulting in induction of BC alteration and decrease of bile secretion (Wonkchalee et al. 2012) . After bile duct obstruction, bile reflux caused changes of the bile components and enhances BC alteration (Takakuwa et al. 2002) and damaging bile duct epithelium (Meerman et al. 1999) . Taken together, inflammation-mediated oxidative/nitrative stress triggered by O. viverrini infection and mechanical obstruction of the bile duct lumen by adult worms induces BC alteration, decrease of bile production, defect of bile flow and change of bile components. Our findings in hamster model is relevant to the common bile duct ligation induced BC alteration in rat model (Vital et al. 1982) .
In the present study, morphological changes of BC after O. viverrini infection paralleled to the altered expression of the genes of bile secretory-related molecules. For instance, expression of CD10, which is localised on BC surface (Loke et al. 1990 ) and known as the BC pattern marker, was decreased as early as at one month and persisted up to three months post-infection. A reduction of CD10 expression was associated with down-regulation of bile secretory-related genes, suggesting that CD10 might regulate the signaling pathways of these genes. Similar to our results, CD10 was diminished with BC defect in cholestasis and Alagille syndrome patients (Byrne et al. 2007) . Furthermore, decreased expression of CD10 was found in concomitant with decrease of abcb11 and abcc2 genes, loss of density of microvilli and reduction of bile volume. Down-regulated expression of genes that control bile flow such as abcb11 may be involved in reduction of bile volume (Wang et al. 2013) .
Moreover, abcc2 gene product, MRP2 protein, in the BC membrane is important for the elimination of many drugs and their metabolites. Down-regulation of MRP2 molecule was observed in impaired biliary excretion in intrahepatic and obstructive cholestasis (Trauner et al. 1997 ) and endotoxin-induced cholestasis rats (Vos et al. 1998) . Down-regulation of MRP2 in our result was similar to that seen in the bile duct-obstructed rats and the chemical-induced hepatobiliary injury (Trauner et al. 1997 ) and in xenobiotic-induced sclerosing cholangitis and biliary fibrosis in mice (Fickert et al. 2007 ). In addition, we also found that the expression of MRP2 was related to alter microvilli density (Figs. 4,5 and Table 1) , suggesting its possible role in bile secretion and transport (Cruz et al. 2010) . Taken all those findings together, alteration of canalicular membrane and reduction of the number of microvilli (Kurbegov et al. 2003 ) may lead to the decrease of CD10, MRP2 and impaired canalicular secretion (Hyogo et al. 2000) .
Hepatic uptake and biliary excretion of organic anions (e.g. bile acids and bilirubin) is mediated by hepatobiliary transport systems. Defects in transporter expression and function can cause or maintain cholestasis and jaundice (Geier et al. 2007) . In this study, expression of the genes related to bile acid uptake transporters (slc10a1 and slco1a1) and bile acid biosynthesis (cyp7a1 and cyp27a1) was decreased at one and three months post-infection with O. viverrini in parallel with the decrease of the bile volume. Decreased expression of these genes is similar to those observed in the obstructive cholestasis condition (Gartung et al. 1996) . In addition, O. viverrini infection induced the upregulation of bile acid regulatory genes (fxr and shp-1), suggesting that fxr and shp-1 regulate cyp7a1 expression via a negative feedback mechanism (Russell 2009 ).
In conclusion, O. viverrini infection-induced BC alteration, decreased expression of CD10 and reduction of bile volume in association with the decrease of the expression of the genes encoding bile acid uptake transporters, bile acid-dependent and independent bile flow, bile acid biosynthesis and increased of bile acid regulatory genes. We suggest that oxidative/nitrative stress as well as bile reflux due to mechanical obstruction of BC cause the changes of bile acid/bile salt composition of bile, which might induce BC changes and the reduced expression of bile secretory-related genes and bile volume. Decrease of bile volume in hamsters infected with O. viverrini might lead to bile sludge formation, which is commonly seen in patients with chronic opisthorchiasis (Mairiang et al. 2012) . However, the linkage between bile composition caused by BC changes and CCA genesis requires further study. 
↔ unchanged when compared with normal groups; ↑ increased when compared with normal groups; ↓ decreased when compared with normal groups; BC -bile canaliculi.
